ABSTRACT
INTRODUCTION
The sediments recovered during Ocean Drilling Program (ODP) Leg 154 on the Ceara Rise include two complete, well-preserved sections through the upper Miocene, at Sites 925 and 926. This contrasts with the experience of previous drilling in the North Atlantic, including Deep Sea Drilling Project (DSDP) Site 354 that was also drilled on the Ceara Rise (Supko, Perch-Nielsen, et al., 1977) , which encountered hiatuses in the upper Miocene. The two Leg 154 sites that were drilled at the greatest water depth penetrated carbonate-free sediment at about 6 Ma (Site 929, 4356 m water depth) and about 7 Ma (Site 928, 4012 m water depth). At Site 926 (3598 m water depth), the entire Miocene section contains carbonate, although samples from the upper Miocene show signs of carbonate dissolution. One of the aims of this investigation was to contribute data that might ultimately lead to a better understanding of the event that caused carbonate dissolution at relatively shallow depths in the western equatorial Atlantic, and which may have been responsible for the frequency of reported hiatuses in this time interval.
The entire upper Miocene section of Site 926 was sampled at 10-cm intervals following the shipboard splice. All samples were washed to provide a record of percent coarse fraction. In these sediments, the coarse fraction is comprised almost entirely of foraminiferal tests, whereas the fine fraction is mainly coccoliths and terrigenous clays. Thus the percentage coarse fraction provides an indication of the extent of dissolution of the foraminifers. Stable isotope data were gathered to learn as much as possible about low-and highfrequency oceanographic variability over this interval of time. Some of these data are discussed more extensively in a companion chapter (Shackleton and Crowhurst, this volume) .
METHODS AND RESULTS
All data are assigned ages using the time scale discussed by Shackleton and Crowhurst (this volume) . The age model is based entirely on astronomical tuning of the lithological cycles that are clearly present in the sediments, and is therefore independent of the stable isotope data. The tuning was performed using the astronomical data of Laskar et al. (1993) and we have used the same data when performing our time-series analysis.
The samples analyzed were taken in accordance with the shipboard splice so as to obtain a complete coverage of the time interval investigated with minimal overlap between adjacent segments from different holes at the site. We generated four types of data: percent coarse fraction (>63 m m) by weight, stable isotope measurements for bulk fine fraction (<63 m m), benthic foraminifers, and planktonic foraminifers. The percent coarse fraction data are not discussed in this chapter but are used (and illustrated) by Shackleton and Crowhurst (this volume) . Benthic foraminifers were picked from the fraction >250 m m (very occasionally supplemented by smaller specimens). The great majority of analyzed picks were either Cibicidoides wuellerstorfi or other species of Cibicidoides resembling C. kullenbergi. However, due to the paucity of specimens, it was not possible to maintain complete homogeneity of types accepted for analysis. Where Cibicidoides sp. were not available other genera were selected. The adjustment factors in Table 1 were used to reference analyses to ÒequilibriumÓ; these figures have been compiled from various sources. Farrell (1991) provides a critical evaluation for the more important of the species we have used, but the adjustments for some of those that we were obliged to select less frequently are probably no more accurate than ± 0.2ä. Table 1 also gives the number of analyses for each species (or mixture of species) and thus gives an indication of the proportion of measurements on less reliable species. Planktonic species Globigerinoides sacculifer (to 11.5 Ma) and G. ruber (older than 12 Ma) were picked from the 355-to 425-m m size range where available, but in many samples specimens were so scarce (due to dissolution) that it was not possible to select from a narrow size range. Both for picked foraminifers and for fine fraction, hydrogen peroxide was used to remove surface organic contaminants prior to analysis. All isotope measurements were made on gas released in a common acid bath attached either to a VG PRISM mass spectrometer (used chiefly for the smaller samples of benthic foraminifers) or to a VG SIRA mass spectrometer. Analyses are reported referenced to the Vienna Peedee belemnite (VPDB) standard via the marble standard NBS19 (Coplen et al., 1983; Coplen, 1983, pers. comm.) . For standard-sized samples (over about 0.1 mg weight), analytical precision is about ± 0.05ä, but precision is less good and also less easily quantified for the very small samples of benthic specimens. All data are listed in Tables 2Ð5 (see The data for benthonic foraminifers (Table 4) are provided both as measured, and after making species-dependent adjustments. Only species-adjusted data are shown on the figures. Table 6 lists the age control points (from Shackleton and Crowhurst, this volume) that were used to assign ages to the samples. Carbon isotope data for bulk fine fraction and for benthic foraminifers are shown in Figure 1 . The data for fine fraction show a distinct long-term trend from values around +2‰ between 13 and 14 Ma to values around +1‰ at 5 Ma. A rather sharp drop is apparent at about 11 Ma; values between about 9 and 11 Ma are similar to values between 5 and 6 Ma, with a broad low-amplitude maximum centered at about 8 Ma. These features are also present in the records from the eastern equatorial Pacific that were reported by Shackleton and Hall (1995) . There is a considerable amount of higher frequency variability present with an amplitude of almost 1‰; it is difficult to compare this variability with that present in the Pacific because the bulk samples that were analyzed by Shackleton and Hall (1995) had been homogenized in 1.5-m sections. The trend in the δ 13 C data is also consistent with that observed by Mead et al. (1991) in fine fraction from ODP Site 704 over the interval from 5 to 8 Ma where our data overlap theirs. Figure 2 shows the data for the interval 5-7 Ma on an expanded scale. It is apparent on Figure 2 that although there are significant differences between the fine fraction and the benthic foraminiferal records, they share many features that probably represent global ocean δ 13 C variability. Figure 3 shows the available δ 18 O data vs. age. At least on the basis of the limited sampling available, the long-term trend towards more positive δ
18 O values in benthic foraminifers has a very small amplitude (less than 0.5‰) over the interval 14-5 Ma. Significantly isotopically lighter values are reported by Flower et al. (Chapter 30, this volume) in benthic foraminifers from slightly older material. A similarly slight trend is apparent in our δ 18 O data for bulk fine fraction and for planktonic foraminifers. Superimposed on the long-term trend, the bulk fine fraction displays an interval of more positive δ
18 O values centered around 9.5 Ma. The more limited data for benthic and for planktonic foraminifers suggest that this feature may only be present in the record for bulk fine fraction. Figure 4 shows the δ 18 O data for benthic foraminifers over the interval 5-7 Ma on an expanded scale. It is evident that the data are quite noisy. This is probably due partly to the small weight of carbonate represented in many of the samples, and partly to the inherent noisiness in measurements utilizing only one or two individuals. In view of the noisiness (which we propose to reduce by making duplicate analyses), we have not attempted to compare our data with those obtained by Hodell et al. (1994) from the Salé Briqueterie section in Morocco. However, in another paper (Shackleton and Crowhurst, this volume) we show that the benthic δ 18 O data do exhibit variance that is coherent with orbital obliquity variability, as was reported by Hodell et al. (1994) for the Moroccan data set.
CARBON ISOTOPES
Figure 1 shows δ 13 C data for bulk fine fraction and for benthic foraminifers. The measurements for benthic foraminifers other than Cibicidoides sp. are referenced to Cibicidoides using the adjustment factors given in Table 1 . Data for δ 13 C in Oridorsalis sp. and several other genera are not used here because (at least when selected at the generic level) these groups do not appear to yield consistent δ 13 C data. To the first order, the two records are quite similar between 5 and 7 Ma, suggesting that the signal of varying ocean δ 13 C dominates both records. Cross-spectral analysis over the interval 5-7 Ma (Figure 5 ) also shows high coherence between the two δ 13 C records. The two records also share high-frequency variability in the 11-13 Ma interval, but the mean difference between the δ 13 C values for bulk fine fraction and for benthic foraminifers is significantly greater in this interval compared with the more recent one; the fine fraction is relatively more enriched in 13 C (and shows more low-frequency variability) between 11 and 13 Ma than between 5 and 7 Ma. It is possible that this indicates a period of reduced productivity, but more work would be needed to support this speculation. The long-term trend in the δ 13 C of bulk sediment or of bulk fine fraction has been interpreted in terms of a decrease since the middle Miocene in the global inventory of organic carbon (Shackleton, 1987) . However, the fact that the long-term trend is not the same in the fine fraction as in foraminifers is curious and supports the notion that we do not adequately understand the global significance of the marine δ 13 C record through the Miocene (Broecker and Woodruff, 1992; Shackleton and Hall, 1995) . Figure 6 shows a cross-spectral analysis of the whole fine-fraction δ 13 C record against an orbital "etp" signal (this "etp" sequence combines eccentricity with an arbitrary amplitude, obliquity, and precession in the relative proportions observed in summer insolation at 65°N [Laskar et al., 1993] ). There is significant coherent power at the obliquity frequency and also in the eccentricity band, but essentially none in the precession band. In many circumstances, it would be difficult to detect a precession-related signal with a 6-k.y. sampling interval, but here our time scale is based on sampling at a closer interval and both percent coarse fraction and benthic δ 18 O have coherent power in the precession band when sampled at 6-k.y. intervals (Shackleton and Crowhurst, this volume), so that the lack of a precession-related signal in the δ 13 C record from bulk fine fraction is not a sampling artifact. Moreover, there is a significant phase difference in the obliquity band between obliquity and δ 13 C, with positive δ 13 C lagging high-latitude insolation by about 90° (10 k.y.). Both the phase lag with respect to obliquity and the presence of an eccentricity signal, imply that the δ 13 C variability reflects the response of the ocean's dissolved carbon reservoir (time constant ~300 k.y.), rather than that of the ocean circulation system (time constant ~1 k.y.).
It is particularly important to note that the δ 13 C record displays clearly concentrated variance, coherent with eccentricity, both in the 100-k.y. band and at 400 k.y. Moreover the "100-k.y." peak is very clearly split with discrete peaks at 125 k.y. and at 96 k.y., as would be expected if the "100-k.y." peak is associated with orbital eccentricity.
Before considering the origin of the δ 13 C signal associated with orbital eccentricity, it is important to note that (as one would expect) there is considerable aperiodic low-frequency variability in the record and that although the eccentricity peaks are robust and significantly coherent, the coherence is not particularly high so that the coupling between orbital eccentricity and δ 13 C during the Miocene was not strong.
The eccentricity power in the δ 13 C record could have arisen, for example, from climatically controlled changes in organic storage in a marginal sea, in terrestrial biomass, or in the sediments under an upwelling system. We have not explicitly modeled such processes but note that Vincent and Berger (1985) have suggested that the anomalously positive δ 13 C values that are observed in middle Miocene sediments could have arisen from episodes of rapid accumulation of organic carbon due to intense upwelling along the California margin. We suggest that this or analogous processes could have been controlled by orbital time scale climatic variability and that the long res- Notes: GSACC denotes Globigerinoides sacculifer; GRUBER denotes G. ruber; C = picked from the 355-to 425-µm size fraction, a number following C = the number of specimens that otherwise was more than 12, and about 30 where possible. idence time of carbon in the ocean could have given rise to the longperiod response. The lack of power in the precession band in the δ 13 C record strongly indicates that the eccentricity signal is not imparted to the ocean locally in the surface waters of the western tropical Atlantic, but it is conceivable that the origin of the variability could be determined by locating a region where the δ 13 C record of surface water does contain power in the precession band. A significant constraint on any explanation of the data is that cross-spectral analysis ( Figure 6 ) shows that ocean δ 13 C maxima (i.e. times of maximal organic carbon burial) are associated with eccentricity minima without consistent phase lag. The absence of a lag poses difficulties in invoking the long residence-time of carbon in the ocean as a means of rectifying a forcing on the carbon system arising from precession, just as the small lag between eccentricity and Pleistocene ice volume poses difficulties for attempts to explain the 100-k.y. ice age cycle in terms of eccentricity (Imbrie et al., 1984, Fig. 11 ).
Only part of this
Woodruff and Savin (1991) provided tantalizing evidence for the possible presence of a 400-k.y. eccentricity signal in the δ 13 C record of the middle Miocene on the basis of their estimates of the approximate ages of successive δ 13 C maxima. Our demonstration of a clear association between δ 13 C and orbital eccentricity in the late Miocene suggests that Woodruff and Savin (1991) were correct in associating their middle Miocene δ 13 C cycles with the long eccentricity cycle. This in turn implies that it may be possible to utilize the association between δ 13 C and orbital eccentricity as a first stage in astronomical tuning of older segments of the geological record.
OXYGEN ISOTOPES
The oxygen isotope records for bulk fine fraction and for benthic foraminifers (Fig. 3) have little in common at either low or high frequency. So far as the low-frequency variation is concerned, the benthic record is relatively featureless, while the fine-fraction record displays an interval with more positive δ
18 O values centered near 9.5 Ma and lasting about 2 million years. Interpreted in terms of temperature, these data would imply a cooling of the surface waters by around 3°C. However, some workers have suggested that changes in the species make-up of the nannofossil fraction could have a significant impact on the δ 18 O composition of a mixed nannofossil assemblage (Dudley and Savin, 1979; Lynn and Peterson, 1995) . In addition, there may be a significant and varying contribution to the fine fraction from foraminiferal fragments. Measurements were made in benthic foraminifers across a part of this "cool" interval, and there is no cooling evident of the scale implied by the data for bulk fine fraction. Finally, some measurements were made in G. sacculifer covering the same interval; although the δ 18 O are slightly heavier than the mean for the interval 5-7 Ma, the difference is much smaller than the difference observed in the record for bulk fine fraction. Thus the fine fraction δ 18 O data should be used with caution, despite the success achieved by Shackleton and Hall (1995) in interpreting analogous data from East Pacific sediments. Miller et al. (1991) proposed that the δ 18 O record that they derived from the analysis of benthic foraminifers at DSDP Site 608 should be used as a reference section for the Miocene. The record presented here for benthic foraminifers is not sufficiently complete for this concept to be properly evaluated. However, it is possible to make three comments on the basis of a comparison of the data available. First, on the basis of the variability that we observe, it is unlikely that oxygen isotope data from upper Miocene sediments will be of much value as a correlation tool. To further explore their correlation potential, it would be necessary to sample at least as closely as we have done in this study and to improve the precision (by using a larger number of specimens for each analysis). Second, it is possible that the brief deep-water cooling event at about 11.4 Ma (Fig. 3) represents event Mi5 of Miller et al. (1991) . Third, the oldest short section that we analyzed for benthic foraminifers is just within the range of Spheno- lithus heteromorphus (Shipboard Scientific Party, 1995) and thus should be correlated with Event Mi3 of Miller et al. (1991) on the basis of the detailed nannofossil data for Site 608 of Olafsson (1991) . If so, the data of Miller et al. (1991) give an oversimplified impression of the relationship between benthic δ 18 O in Mi3 and values later in the Miocene. This conclusion is supported by an examination of the data for DSDP Site 574 (Pisias et al., 1985) , where the benthic δ
18 O values between about 150 and 155 mbsf are isotopically heavy and closer to values later in the Miocene than to values earlier in the middle Miocene. This interval is reported by Pisias et al. (1985) as foraminiferal Zone N10 and according to Olafsson (1989) is within the range of Sphenolithus heteromorphus. Therefore, this interval should also be correlative with Event Mi3 of Miller et al. (1991) .
SUMMARY
A continuous high-resolution (6 k.y.) stable isotope (δ 13 C and δ 18 O) record for bulk fine fraction in Site 926 from about 5 to 14 Ma has been generated. Sections of high-resolution data derived from benthic foraminifers for the intervals between 5 and 7 Ma and 11 and 13 Ma, as well as some data obtained from planktonic foraminifers, put constraints on the interpretation of the data from the fine fraction. There is considerable orbital-frequency variability in ocean δ 13 C and in benthic δ 18 O; this means that low-resolution records are liable to alias this variability and will therefore not provide useful data for low-resolution correlation. Using a time scale that is independent of the isotopic data, spectral analysis of the δ 13 C data shows clearly defined variance associated with the 400-k.y., 125-k.y. and 95-k.y. periodicities of orbital eccentricity as well as the anticipated 41-k.y. periodicity of obliquity of the Earth's rotational axis.
